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Abstract
This study examined mechanisms of interaction between seagrasses and 
macroalgae in three seagrass beds of the York River, Virginia. Investigation of seasonal 
biomass distributions, inorganic nitrogen uptake and photosynthetic pigment analyses 
were used to examine the potential for autotrophic competition between Zostera marina, 
Rnppia maritima and Ulva lactuca. Macroalgal biomass was greater in the shallow and 
middle depth stations of the seagrass bed and followed seasonal temperatures with 
increased biomass during the summer with a peak of about 85 g dw m'2. A switch in 
species dominance occurred in July with red genera replacing green as water 
temperatures reached 25 °C. Variability between sites and seasons was high and suggests 
that physical factors such as wind and water movement may be influencing macroalgal 
biomass distributions. Nutrient uptake parameters demonstrated that U. lactuca did not 
have a greater uptake response to water column ammonium compared to Z marina and 
R. maritima. Affinities for water column ammonium did not correspond with seasonal 
plant C : N ratios suggesting that other factors such as surface area to biomass ratio affect 
macrophyte uptake response to water column nitrogen. Uptake rates at 30 pM 
ammonium determined that U. lactuca had higher rates in November than both Z marina 
and R. maritima and that R. maritima was not taking up ammonium during this month. 
Although ammonium levels at these sites are generally much lower than 30 pM, these 
macrophytes did not reach saturation for uptake of ammonium. This suggests that all 
three species were well adapted to respond to increases in water column ammonium. 
Spectral pigment analysis determined that U. lactuca was absorbing similar wavelengths 
of light as Z marina and R. maritima. Strong seasonal responses of pigment absorption 
were not seen, but U. lactuca ’s absorbances were lower than those of the seagrasses. 
Analysis of full tissue absorbances of PAR determined a logarithmic relationship 
between increasing number of layers of U. lactuca and % reduction of PAR.
Calculations determined that about 7 layers of U. lactuca would block 100% of PAR and 
that these layers convert to about 95 g dw m'2 which is close to maximum values found in 
these seagrass beds. This study suggests that physical factors moving macroalgal 
material out of these beds coupled with relatively low nutrients compared to many 
macroalgal-infested areas may be important in keeping macroalgal blooms from 
occurring in these areas.
PROCESSES AFFECTING MACROALGAL-SEAGRASS DYNAMICS IN THE
YORK RIVER, VIRGINIA
Introduction
Background
Shallow coastal zones and estuaries provide a large fraction of global ocean 
production. These areas represent about 2% of the oceanic environment, but provide 20% 
of total oceanic primary production (Smith, 1991; Sumich, 1992; Valiela, 1995). In many 
coastal regions production is largely due to the presence of marine macrophytes and 
benthic microalgae (Duarte, 1995). Marine macrophytes are important as key primary 
producers and provide habitat and refuge for organisms in coastal systems. In many areas 
commercially important species depend on these ecosystems for essential portions or all 
of their life cycle (Phillips, 1984; Thayer et al., 1984; Ryer et al., 1990; Sogard et al., 
1987). Coastal marine macrophyte communities are important components of the global 
oceanic system.
As human population has increased and with it increased impacts to coastal and 
estuarine systems, more and more interest has been placed on understanding the 
functioning of marine macrophyte ecosystems. In particular there has been increased 
scientific investigation of the world's seagrass ecosystems. These submerged macrophyte 
communities and seagrasses, in particular, have been recognized as key components of 
shallow water systems on almost all continents (Kuo and McComb, 1989). Because of 
their important ecological role and sensitivity to many aspects of water quality, 
seagrasses have been accepted as useful indicator species to detect changes in the health 
of coastal systems (Dennison et al., 1993). Major efforts have been made to preserve and
2
3restore seagrasses in coastal shallows and embayments. Many areas previously vegetated 
are now not able to support new seagrass growth due to poor water quality conditions, 
and increases in coastal population may only further decrease the areas suitable for 
seagrass growth.
Seagrasses greatly influence structure and function in coastal ecosystems. 
Seagrass-dominated systems provide food for waterfowl and important habitat for crabs, 
small crustaceans, fish and other marine organisms (Hemminga et al., 1994; Ryer et al., 
1990; Sogard and Able, 1991). These rooted macrophytes maintain sediment stability and 
lower water column turbidity through extensive root and canopy development (Ward et 
al., 1984). Seagrass plant surfaces provide habitat for epiphytic algae, which are a readily 
available food source for primary consumers. Vegetated areas enhance sediment 
microbial nutrient processing by providing products such as organic matter and oxygen 
through roots and rhizomes (Caffrey and Kemp, 1990; Caffrey and Kemp, 1991).
In many coastal areas eutrophication has led to the decline of seagrasses and their 
replacement with macroalgae (Coffaro and Bocci, 1997; Harlin and Thom-Miller, 1981; 
Lapointe et al., 1994; Reyes and Marino, 1991; Sand-Jensen and Borum, 1991; Sfriso and 
Marcomini, 1997; Valiela, 1992). Dramatic examples include the complete replacement 
of seagrass meadows with large macroalgal mats (Sand-Jensen and Borum, 1991; Kemp 
et al., 1983). In an extreme case this loss was documented over the course of as little as 
one growing season (den Hartog, 1994).
A change from a seagrass-dominated system to one of macroalgae can create 
important changes for the physical structure, food webs, nutrient dynamics and chemical
4cycling of the community (Duarte, 1995). Macroalgae can provide physical structure, but 
they do not have roots and are commonly found as drifting pieces and mats. Large 
amounts of macroalgae may accumulate and grow in shallow embayments while 
remaining unattached to the sediment (Valiela, 1992; Rivers and Peckol, 1995). Benthic 
fauna such as small, mobile, sediment-water interface feeding species can find 
macroalgae to be a suitable habitat, but densities of bivalves and tube-dwelling organisms 
are significantly decreased in the presence of macroalgal cover (Everett, 1994). When 
large amounts of macroalgal material decomposes, demand for oxygen increases in the 
benthic community and animals are forced to move upward toward the sediment surface 
and any remaining oxidized zones (Tagliapietra et al., 1998). Continued support of 
anaerobic conditions can lead to the production of sulfides and other toxic compounds 
that can result in death of benthic organisms (Johnson and Welsh, 1985; Lavery and 
McComb, 1991) and reduced productivity and growth of seagrasses (Goodman et al.,
1996). Recolonization of these areas leads to changes in community composition, 
diversity and often complete loss of macrophyte and animal species to an area.
One of the major mechanisms of seagrass loss due to eutrophication in coastal 
systems is reduced productivity and growth from decreasing light availability (Kemp et 
al., 1983; Orth and Moore, 1983; Moore et al., 1997; Neundorfer and Kemp, 1993; Sand- 
Jensen and Borum, 1991). Macroalgal over-growth which has been related to increased 
nutrient availability results in reduced light reaching seagrass leaves (Coffaro and Bocci,
1997). Continued support of macroalgal biomass shades seagrasses and the plants begin 
to die-off. The loss of rooted seagrasses increases turbidity in the shallows and provides
5even less available light (Sffiso and Marcomini, 1997). Often, these areas are not able to 
support new seagrass growth since turbidity levels remain high (Moore et al., 1997).
Competition
The two major mechanisms of plant competition are interference and resource 
acquisition (Tilman, 1990). Interference competition has also been called contest 
competition and involves active denial of a resource to other organisms by the dominant 
individual or species (Valiela, 1995). More commonly important to plants is competition 
based on resource acquisition : the direct use of a resource thereby reducing its 
availability to other individuals. Nutrient uptake parameters, photosynthetic pigment 
characteristics and physical structure of the plant itself are all traits that contribute to a 
plant's competitive ability. Aquatic macrophytes compete for light and nutrients and 
often competition for these resources controls the dominant species and productivity of 
these systems (Sand-Jensen and Borum, 1991). In order to predict accurately aquatic 
plant interactions, mechanism-based experiments are needed. Observational studies on 
the outcome of aquatic plant competition do not always examine the often complicated 
mechanisms driving the observed species distribution and productivity.
In the lower Chesapeake Bay, USA and the Eastern Shore of Virginia, macroalgae 
have been documented as present in and around seagrass beds (Zaneveld and Barnes, 
1965; Mann, 1973; Monti, 1993). Also, while declines in seagrasses have been 
documented in this area, macroalgal biomass patterns in and near these seagrass beds 
have not been detailed in the literature (Orth and Moore, 1983; Kemp et al., 1983). Thus
6far, competition in these beds has not led to a dominance of macroalgae as found in other 
areas world wide.
In order to make predictions about interactions between macroalgae and 
seagrasses in the lower Chesapeake Bay, mechanisms of resource acquisition and 
biomass distribution must be investigated. In this region, seagrasses exhibit maximum 
biomass from April to July, large amounts of leaf loss from July to September and a fall 
regrowth around October (Orth and Moore, 1986). Temperature, available light and 
spectral quality of light reaching the leaves of the plants (Moore et. al, 1996) control 
patterns of growth and productivity. Maximum available light occurs in upriver areas in 
early April which also coincides with water temperatures of above 10°C (Moore, 1996). 
The optimum range for temperate macroalgal growth is 7-17°C (Luning, 1990). 
Accumulation of large macroalgal biomass during the spring could inhibit seagrass 
growth by competition for light. Increased biomass of macroalgae within these seagrass 
beds during late spring periods of critical growth and abundance could result in yearly 
losses of seagrass biomass (Moore et al., 1997; Burke et al., 1996).
Modeling work for seagrass communities has shown that macroalgae can take 
advantage of increased nutrient availability by over-growing and shading seagrasses 
(Fong et al., 1997; Coffaro and Bocci, 1997). Declines in seagrasses in the Chesapeake 
Bay, USA have been linked to decreased light availability due, in part, to increased 
nutrient enrichment resulting in increased phytoplankton in the water column and 
epiphyton growing on leaf surfaces (Orth and Moore, 1983; Kemp et al., 1983). 
Additional loss of light would result from increased macroalgal biomass. Competition for
7increased nutrients can be assessed by determining the physiological uptake parameters 
of seagrasses and macroalgae, and light competition can be investigated by determining 
photosynthetic properties such as photosynthetic efficiency and light-capturing pigment 
development. Seasonal biomass distributions must also be investigated and related to 
physical parameters such as wind and system morphology to make predictions of where 
macroalgal competition may have the greatest impacts on seagrasses.
Objectives and Project Significance
The main objective of this study was to investigate the potential for autotrophic 
competition between seagrasses and macroalgae in the seagrass beds of the lower York 
River, Chesapeake Bay, USA. The potential for seasonal competitive advantage was 
determined based on inorganic nitrogen uptake capacities, photosynthetic pigment light 
harvesting abilities and biomass. A mechanistic approach was applied to investigate the 
nutrient uptake and light harvesting capacities of the dominant seagrasses Zostera marina 
and Rupppia maritima, and the dominant macroalga Ulva lactuca.
This study directly addressed the need for investigation of the underlying 
mechanisms of aquatic plant competition in relation to eutrophication. This work 
complements previous work by C. Buzzelli (1996), on-going modeling of littoral zone 
processes by R. L. Wetzel and K. A. Moore and provides data for comparison of 
macroalgal processes with known seagrass processes for use in conservation and 
restoration projects.
8Hypotheses
Hi : Macroalgal biomass will be greatest during seasons with highest 
temperature, light and nutrients.
H2  : Macroalgal biomass will be greater in the shallow, more protected areas than 
in the deeper areas closer to the edge of the seagrass bed.
H3 : Uptake kinetics favor macroalgae over seagrasses, allowing U. lactuca to 
outcompete Z marina and R. maritima for nutrients in the water column.
H4  : Macroalgal photosynthetic pigments will absorb light at the specific 
wavelengths absorbed by seagrasses.
H5 : Macroalgal and seagrass photosynthetic pigment absorbances will increase 
with increased light availability.
Site Description
Two seagrass beds at the mouth of the York River, Virginia, USA were utilized 
for this study (Fig. 1). The Goodwin Islands, a National Estuarine Research Reserve Site 
(NERR), is located on the south shore of the York River and is made up of a series of 
uninhabited islands consisting of upland areas, salt marshes, mud flats and seagrass beds. 
The sites used for this study were designated GI-1 and GI-2 (Fig. 1) and were located 
within the seagrass beds covering 1.00 km2 on the southeastern side of the Goodwin 
Islands. Average water temperature and salinity (1994-97) at these sites were 15.5 °C 
(range 1.7-27.8 °C) and 17.1 psu (Practical Salinity Unit) (range 14.3-20.3 psu). The third 
site was located on the northern side of the mouth of the York River in the seagrass
9beds of the Guinea Marshes (Fig. 1). The Guinea Marshes are generally uninhabited 
marsh islands surrounded by seagrass beds and mud flats. The site used in this study was 
designated GM and was located within the seagrass beds covering 4.83 km2 on the 
southeastern side of the crescent-shaped island nearest the mouth of the river. Average 
water temperature and salinity (1994-97) at these sites were 15.1 °C (range 1.6-27.3 °C) 
and 16.9 psu (range 14.2-20 psu). The depth range for the areas of the beds used in the study 
ranged from 0.46-0.86 m (MLW) with R. maritima growing in the shallows, a mixed 
zone of R  maritima and Z marina as the depth increased and Z marina in the deeper 
sections of the bed. All three areas of the seagrass beds used in sampling were continuous 
with few to no bare patches. Water quality parameters showed similar trends for both the 
Goodwin Islands and Guinea Marshes (Fig. 2; Moore et al., unpublished).
10
Figure 1. Map view of site locations at the mouth of the York River, Chesapeake Bay, 
USA. Site locations in the Goodwin Islands (GI) and Guinea Marshes (GM).
•  Sample Sites 
Seagrass Beds
2 Km
jfssy '. ■yy///.-.
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12
Figure 2. Means and ranges (1994-1997) of water column parameters at the Goodwin 
Islands and Guinea Marshes.#Parameters : water temperature (°C), salinity (psu), total 
suspended solids (mg/L), KD (light attenuation coefficient), dissolved inorganic nitrogen 
and phosphorus (ammonium, nitrate + nitrite, orthophosphate). Data from the VIMS 
Shoal Survey (K. A. Moore et al., unpublished).
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Methods
Biomass Sampling
A macroalgal biomass survey was conducted to investigate the hypothesis that 
macroalgal material would be greatest in the shallowest areas of the seagrass bed and 
when temperature, light and nutrient conditions were highest. Three sites were chosen in 
persistent seagrass beds at the mouth of the York River, Virginia based on aerial 
photography, maps, and snorkeling visits to the beds. Two of the sites were located in the 
seagrass meadows of the Goodwin Islands (a NERRS site) and the third site was near one 
of the islands of the Guinea Marsh system. All three sites consisted of a continuous mixed 
seagrass meadow of Zoster a marina and Ruppia maritima at a depth between 0.46-0.86 
m (MLW). To test for the effect of depth, three zones within each site were identified
based on measurements of seagrass percent cover and biomass coring (0.2 m^). Zone A 
(0.53 ± 0.06 m MLW) was near shore and dominated almost solely by R. maritima, zone 
B (0.62 ± 0.07 m MLW) was in a deeper area consisting of a mixed bed of R. maritima 
and Z. marina, and zone c (0.75 ± 0.11 m MLW) was out near the outer edge of the bed 
in an area dominated by Z. marina. Stakes were placed in a straight transect line to mark 
each sampling zone.
Sampling for macroalgal biomass was conducted at monthly intervals from April, 
1997 to February, 1998. Macroalgae were collected at random distances and directions 
from the stakes leaving a buffer zone (2 m radius circle) around each stake. The sampling 
area at each depth station consisted of a 40 m radius circle around each stake divided into
17
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12 possible compass directions. Random numbers were taken from a random number table 
and designated 1-12 for direction and 0-40 for distance from the stake. Water depths were 
taken at each stake before sampling with times noted. Five samples were taken at each 
stake using a 0.5 m x 0.5 m cube with mesh sides. All macroalgal material in the quadrat 
was removed by hand, placed in plastic zip lock bags, and stored in a cooler with ice. 
Macroalgal material was returned to the lab, sorted by species, rinsed with fresh water, 
and allowed to dry at 60°C. Diy weights were determined after 7-14 days of drying.
Nutrient Uptake Experiments
Ammonium uptake experiments were conducted during three seasons to test the 
hypothesis that water column uptake of inorganic nitrogen by U. lactuca exceeds that of 
Z  marina and R. maritima. The experiments were conducted during three important 
seasons of seagrass growth: spring (initial period of rapid growth), late summer (low 
growth and shoot dieback), and fall (regrowth). The dates were August and November,
1997 and April, 1998. Seagrass plants were collected by taking a biomass core (0.2 m^) 
and sub-coring plants with intact sediment into plastic cups (d=9 cm; h= 13cm).
U. lactuca material was collected by hand and transported to the lab in mesh bags. All 
material was returned to the lab in coolers filled with seawater. Plants and macroalgae 
were incubated overnight in the dark in an environmental chamber at ambient water 
temperature.
The night before each experiment, all plants were gently cleaned of epiphytes and 
placed into the 0.424 L experimental chambers (Figure 3). The chambers were constructed 
of polycarbonate tubes fitted with floating stir bars and two stop cock ports. While
19
keeping the plants undisturbed in the sediment Z. marina and R. maritima leaves were 
isolated by carefully inserting shoots through a slit in a small rubber stopper and placing 
the stopper in a small hole at the base of the chamber. U. lactuca specimens were 
anchored to the bottom of the chamber by slipping a small portion of it at the side of the 
stopper and fitting the stopper into the small hole at the base of the chamber. The 
chambers were filled with ambient filtered seawater (1 pm) and sampled for initial 
dissolved inorganic nutrients.
Ammonium uptake rates were determined by measuring the disappearance of 
dissolved ammonium (ammonium sulfate) overtime. After equilibrating overnight each 
chamber was spiked with enough dissolved ammonium sulfate to bring the chamber 
concentrations up to 30pM. Treatments consisted of three replicates each of U. lactuca,
Z. marina, R. maritima, and water blanks (1 pm filtered seawater). The lights in the
environmental chamber were turned on (450 pEm"^ s"^) and chambers were immediately 
sampled for time zero measurements. Chambers were sampled by removing 7-10 ml of 
water with a syringe and replacing that volume with ambient 1 pm filtered seawater. 
Incubations continued for up to 12 h with sampling occurring for the U. lactuca 
treatments every 15 min for the first hour and every 30 min for the remainder of the 
experiment. Z marina and R. maritima treatments were sampled every 30 min for the 
first hour and every hour for the remainder. Water blanks were sampled every hour for the 
first half of the experiment and every two hours for the remainder. Samples were filtered 
through 0.45 pm supor membrane filters (Gelman Sciences) and analyzed for dissolved 
orthophosphate, nitrate, nitrite, and ammonium (Solorzano, 1969; Perstorp, 1992). 
Sediment cores (d= 2.5 cm; h= 5 cm) were taken from each cup at the end of the
20
experiment and analyzed for sediment nutrients (KCL extraction) and bulk density. Plant 
and macroalgal material was analyzed for leaf area and dry weight.
Ammonium uptake rates were calculated by the following equation :
V = ((Si x (voli - volr)) + (Sd x volr)) - (Sf x voli)) / ((b) x (t))
where
Si = initial ammonium concentration (pM)
voli = initial chamber volume (L)
volr = removed/replaced volume (L)
Sd = ammonium concentration in dilution/fill water (pM)
Sf = final ammonium concentration (pM)
b = biomass of tissue (g dry weight)
t = time interval of incubation (min)
Spectral Pigment Analysis Collections
Plants were collected during the monthly biomass survey and pigments extracted 
to test the hypothesis that photosynthetic pigment absorbances vary seasonally according 
to light availability and that macroalgal photosynthetic pigments absorb light at similar 
light wavelengths absorbed by seagrasses. Z marina, R. maritima, and U. lactuca 
specimens were collected by hand from each of the three sites during the monthly biomass 
survey. Samples were returned to the lab, rinsed in filtered (1pm) seawater, and gently
scraped free of epiphytes. Five small (0.5-2.0 cm^) clippings from each species from each 
site were taken, measured for area, and placed in 2 0  ml scintillation vials filled with 8 ml of
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extraction solution (acetone : DMSO : water : DEA (45:45:10:1)) and refrigerated in the 
dark for 2-5 days (cf. Dennison, 1990). The extracted pigments were read 
spectrophotometrically a t : 400, 440, 480, 520, 560, 600, 640, 675, 720, 760, and 800 
nm.
Intact tissue abosorbances were also determined to investigate the light attenuation 
properties of intact macrophytes. To accomplish this, specimens of Z marina, R. 
maritima, and U. lactuca were collected in August, 1998 from the seagrass meadow at 
site 2, returned to the lab, and stored in flowing seawater. Specimens were gently scraped 
free of epiphytes and rinsed in filtered (1pm) seawater. The inner leaves of Z  marina and 
younger leaves of R. maritima were removed and clipped into 4-6 cm lengths discarding
1 cm off each tip and base. U. lactuca was clipped into pieces of 10-15 cm^. Ten replicate 
samples of one layer of the specimens were placed in a glass petri dish and covered with
filtered (1 pm) seawater to cover an area of 9 cm^ on top of a Biospherical MER-1000 
spectroradiometer. Light transmitted through the specimens was measured at 12 
wavelengths. Ten replicate specimens of each species were then extracted as above for 
determination of photo synthetic pigment absorbances.
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Figure 3. Aquaria and experimental chambers used for nutrient uptake experiments. 
Floating magnetic stir bars were turned by rotating motor stir bar.
FLOATING STIR BAR
Results
Biomass Sampling
The distributions of macroalgae and seagrasses were determined from an initial 
sampling in September, 1996 (Table 1). Macroalgae were found in the shallow and middle 
depth stations at all three sites. Ulva was the dominant genus observed and reached over 
2 0 0  g dw m'2 at the shallow depth station at GM. Gracilaria was also present at the GI-2  
and GM sites. Distributions of Zostera marina and Ruppia maritima biomass agreed with 
percent cover estimates and snorkeling observations with Ruppia occurring in the 
shallows, a mixed zone of Ruppia and Zostera in the mid-bed areas and Zostera at the 
deeper stations (Table 1).
During macroalgal surveys performed from April, 1997 to February, 1998, three 
green (Chlorophyta) and four red (Rhodophyta) genera of macroalgae were found 
throughout the seagrass beds (Table 2 ). Macroalgal material which was found as drifting 
clumps was often made up of more that one genus floating throughout the depth of the 
water column. Occasionally macroalgae were found attached to oyster or clam shells and 
wrapped into the walls of worm tubes. Macroalgae were also found above the low tide 
line along the edge of the marsh. This material was examined and found to be unattached 
clumps. The most frequently observed genus within the sampling area was Ulva followed 
by Gracilaria and Agardhiella (Table 3). Ulva and Gracilaria were present seasonally at 
all three depth stations and Agardhiella was present at shallow and middle depth stations 
(Fig. 4).
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The survey data were grouped into 4 seasons : Spring (April and May), Summer 
(June and July), Fall (September and October) and winter (December and February). A 
two-way ANOVA (SAS) with a  = 0.05 indicated a significant difference in macroalgal 
biomass (g dw m'2) with season and depth (p = 0.0009) (Table 4). Multiple comparisons 
(Tukey’s Studentized Range) indicated that summer biomass was significantly different 
from all other seasons and that the deep depth station was significantly different from the 
other two stations.
Nutrient Uptake
Nitrogen uptake kinetics were investigated for the seagrasses Z  marina and R. 
maritima and the most frequently occurring macroalga U. lactuca during three seasons in 
1997 and 1998. The experiments were conducted during August and November, 1997 and 
April, 1998. Disappearance of ammonium-N was measured over time in sealed chambers. 
Nitrate levels were also measured to monitor potential differences. Ammonium in the 
chambers was spiked to levels near 30 pM at the start of the experiment. Ammonium and 
nitrate concentrations were measured over time in individual chambers (Fig. 5). Water 
blanks showed very little decrease in nitrogen concentrations over time and any losses are 
thought to be from microplankton or bacterial processes.
Disappearance of ammonium was converted into rates for each interval measured 
and plotted vs.the mean substrate concentration for that time interval (Fig. 6 ). A linear 
relationship was found between uptake rate and substrate concentration. Slopes of these 
relationships were generated and considered to be the change in uptake rate of the plant 
with increasing substrate concentration (Table 5). Results of a two way ANOVA (Alpha =
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0.05) indicated a significant interaction effect between month and plant species (p = 
0.0058) (Table 6 ). SNK (Student-Newman-Keuls) tests were run to determine specific 
differences between months and species (Underwood, 1997). Results indicated that 
Ruppia’s response to increasing substrate concentration in August was significantly 
greater than that of Ulva and Zostera. Results also indicated that Ruppia’s response to 
increasing substrate concentration in August was significantly greater than in April and 
November.
Initial uptake rates were calculated to examine responses to addition of 30 mM 
ammonium (Table 7). Results of a two way ANOVA (Alpha = 0.05) indicated a significant 
interaction effect between month and plant species (p = 0.0030) (Table 8 ). SNK tests were 
run to determine specific differences between months and species (Underwood, 1997). 
Results indicated that Ulva’s uptake rate was significantly greater than that of Zostera and 
Ruppia in November. Results also indicated that Ruppia’s uptake rate in November was 
lower than in April and August.
Spectral Pigment Analysis Collections
Spectral pigment absorbances were determined for U. lactuca, Z. marina and R. 
maritima monthly along with biomass sampling. Absorption spectra followed a pattern 
with two absorbances peaks corresponding to the absorbance peaks for chlorophyll a (440 
and 675 nm) (Fig. 7). Seasonal absorptions at 440 and 675 nm found U. lactuca's 
absorbances to be lower than those of Z. marina and R. maritima throughout all months 
of sampling (Fig. 8 ). Both seagrasses had higher absorbances in April and July than during
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other months. In addition, Z  marina had a high absorbance in February. U. lactuca had an 
absorbance peak during June.
The percent reduction in total PAR (400-800 nm) due to layers of U. lactuca was 
investigated in August, 1998. A logarithmic relationship was found between layers of U. 
lactuca and % reduction in PAR (Fig. 9). This relationship was applied to determine that 
approximately 7 layers of U. lactuca would result in 100% reduction of PAR. Spectral 
absorbance due to one layer of U. lactuca, Z. marina and R. maritima was also measured 
in August, 1998. Reduction of light was fairly even across all wavlengths for Z. marina 
and R. maritima and showed peaks at 440 and 675 nm for U. lactuca (Fig. 10).
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Table 1. Macrophyte distribution (g dw m ) at initial sampling September, 1996 
(n=5).
GI-1
Shallow
Middle
Deep
GI-2
GM
Shallow
Middle
Deep
Shallow
Middle
Deep
Ulva
5.9 ±2.5 
0 
0
0.4 ±0.3 
0 
0
234.9 ± 104.9 
25.6 ± 10.2 
0
Gracilaria
0
0
0
0.2 ± 0.2 
0 
0
38.0 ± 19.0 
0.3 ±0.3 
0
Zostera
0
2.0 ±3.3 
4.5 ±2.3
0
3.0 ± 3.6
4.0 ±2.6
0
2.1 ± 1.5 
5.8 ±4.9
Ruppia
0.3 ±0.4
1.3 ± 1.7 
0
0.5 ±0.6 
0.6 ± 1.0 
0
0.9 ± 1.21
1.3 ± 1.6 
0
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Table 2. Observed macroalgal genera and morphology within seagrass beds 
during 1997-1998 survey.
Genera Taxonomic Group Observed Morphology
Ulva
Cladophora
Enteromorpha
Gracilaria
Agardhiella
Ceramium
Polysiphonia
Chlorophyta
Chlorophyta
Chlorophyta
Rhodophyta
Rhodophyta
Rhodophyta
Rhodophyta
Drifting blades (5-100 cm 
length)
Fine filamentous strings, 
attached to seagrass leaves 
and drifting (1 -1 0  cm 
clumps)
Thin drifting blades and 
clumps (5-100 cm strings)
Drifting clumps, branched 
tubular thalli (5-30 cm 
width)
Drifting clumps, branched 
tubular thalli (5-25 cm 
width)
Drifting clumps, thin 
filamentous branched thalli 
(5-25 cm width)
Drifting clumps, thin 
filamentous branched thalli 
(5-25 cm width)
Ta
bl
e 
3. 
O
cc
ur
re
nc
e 
of 
m
ac
ro
al
ga
l 
ge
ne
ra
 
wi
th
in
 
se
ag
ra
ss
 
be
ds
 f
rom
 
Ap
ril
, 
19
97
 
to 
Fe
br
ua
ry
, 
19
98
.
30
31
Table 4. Analysis of variance of macroalgal biomass response to season and 
depth. SU-summer, FA-fall, WT-winter, SP-spring, A-shallow, B-middle and C- 
deep. Alpha = 0.05.
Treatment F P
Season 7.92 0.0001
Depth 8.83 0.0002
Season * Depth 3.90 0.0009
Tukey’s Studentized Range Test (means with the same letter are not significantly
different, Alpha = 0.05)
Grouping Mean N Season
A 29.188 90 SU
B 9.897 90 SP
B 8.122 90 FA
B 2.592 90 WT
Grouping Mean N Depth
A 20.555 120 A
A 16.328 120 B
B 0.466 120 C
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Table 5. Slopes (SD) of linear relationship between ammonium uptake rate and 
substrate concentration (n = 3).
Ulva Zostera Ruppia
April 0.019 0.017 0 .0 2 2
(0.007) (0.005) (0.015)
August 0.016 0.065 0.134
(0 .0 1 2 ) (0.031) (0.082)
November 0.030 -0.009 -0.004
(0.006) (0 .0 1 1 ) (0.008)
Y-intercepts (SD) of linear relationship between ammonium uptake rate and 
substrate concentration (n=3).
Ulva Zostera Ruppia
April -0 .0 2 0 -0 .1 0 1 -0.083
(0.090) (0.031) (0.203)
August 0.009 -1.788 -3.874
(0.040) (0.737) (2.529)
November 0.162 0.140 0.046
(0.058) (0.069) (0.123)
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Table 6. Two way analysis of variance for linear slopes between month and 
macrophyte species (Alpha = 0.05).
Treatment F P
Month 
Species 
Month * Species
11.93
2.47
5.20
0.0005
0.1132
0.0058
SNK’s for differences between species at each month and between months for 
each species (* significant at Alpha = 0.05).
Differences April August November
Ulva vs Zostera 0 .0 0 2 0.049 0.039
Ulva vs Ruppia 0.003 0.118* 0.005
Zostera vs Ruppia 0.005 0.069* 0.034
Differences Ulva Zostera Ruppia
April vs August 0.003 0.048 0 .1 1 2 *.
April vs November 0 .0 1 1 0.026 0.026
August vs 0.014 0.074 0.138*
November
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Table 7. Initial uptake rates in pmol NH4+ gdw'1 m in1 (SD) in response to 
30 pM ammonium (n = 3).
Ulva____________ Zostera___________ Ruppia
April 0.73 0.53 1.05
(0.26) (0.16) (0.34)
August 0.40 0.49 0.65
(0.31) (0 .0 1 ) (0.36)
November 0.82 0 .1 0 -0.07
(0 .0 1 ) (0.05) (0.15)
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Table 8. Two way analysis of variance for 30 pM uptake rates between month 
and macrophyte species (Alpha = 0.05).
Treatment F P
Month 
Species 
Month * Species
2.83
8.67
6.53
0.0904
0.0031
0.0030
SNK’s for differences between species at each month and between months for 
each species (* significant at Alpha = 0.05).
Differences April August November
Ulva vs Zostera 0.197 0.085 0.725*
Ulva vs Ruppia 0.320 0.250 0.877*
Zostera vs Ruppia 0.517 0.165 0.162
Differences Ulva Zostera Ruppia
April vs August 0.330 0.048 0.400
April vs November 0.090 0.438 1.117*
August vs 0.420 0.390 0.717*
November
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Figure 4. Macroalgal biomass (g dw m'2) in the seagrass beds of the Goodwin Islands and 
Guinea Marshes, York River, USA. Right y-axis shows the mean temperature (SD) for the 
months sampled. Note that Deep Station graph has different y-axis.
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Figure 5. Ammonium and nitrate concentrations in individual chambers for the nutrient 
uptake experiment.
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Figure 6 . Uptake response to water column ammonium concentration for U. lactuca, Z. 
marina and R. maritima in April, August and November. Means (SD) with slopes (n=3).
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Figure 7. Spectral pigment absorbances (Absorbance cm'2 tissue) for U. lactuca, Z. 
marina and R. maritima during April, 1997. Note U. laciuca plotted on a different scale.
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Figure 8 . Seasonal spectral pigment absorbances (Absorbance cm'2 tissue) for U. lactuca, 
Z. marina and R. maritima.
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Figure 9. Relationship between layers of U. lactnca and % reduction of PAR 
(photosynthetically active radiation).
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Figure 10. Spectral absorbance for one layer of U. lactuca, Z. marina and R. maritima 
August, 1998 (n=10; SD).
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Discussion
Biomass Sampling
Many factors can influence interactions between different plant species. 
Environmental parameters such as seasonal temperatures, nutrient and light availability, 
substrate type and basin morphology can have important impacts on the biomass 
accumulation of submerged aquatic macrophytes. In areas like the Lagoon of Venice 
certain factors have allowed macroalgae {Ulva spp.) to develop and dominate over 
seagrasses. First, enough macroalgal material survives over the winter months that during 
the spring runoff this biomass can take up almost all the available nutrients (Runca et al., 
1996). Then the morphology of the lagoon comes into play by keeping the drift 
macroalgal material from being transported out of the shallows with the tides or storm 
events. This allows the Ulva to remain under high light conditions and continue growing. 
Since Ulva can take up and store more nutrients than it needs for immediate growth 
(Pedersen and Borum, 1996; Pedersen, 1994; Pedersen and Borum, 1997) this biomass 
continues to survive through periods of low nutrient availability. As a result of the above 
conditions a standing stock of Ulva has been maintained and increased until seagrasses 
are now only found in a few areas around port entrances (Runca et al., 1996).
Modeling simulations and field sampling of the Lagoon of Venice have 
established that dissolved inorganic nitrogen (DIN) and water kinetic energy are the most 
important factors in determining the biomass of macroalgae in that region (Coffaro and 
Bocci, 1997; Sfriso, 1995; Sfriso and Marcomini, 1997; Solidoro etal., 1997).
52
53
-2
Simulations indicated that when conditions kept macroalgal biomass under 150 g dw m 
(dry weight) Z marina was able to survive. This gives an estimate of a critical biomass of 
macroalgae that may become detrimental to seagrass growth and survival. Where DIN is 
available and wave and current action is low, macroalgae can grow and maintain their 
biomass.
In Puget Sound, WA macroalgal biomass was best correlated with changes in 
irradiance and water temperature, followed by nitrate concentrations (Thom and Abright, 
1990). In other areas nutrients alone had the greatest effect on macroalgal biomass 
(Sheath et al., 1988; Sfriso et al., 1988; Viaroli et al., 1996). In still other areas seasonal 
changes in macroalgal biomass have been strongly linked to water temperature (Rivers 
and Peckol, 1995; Lavery et al., 1991). In all the above studies peak biomass of 
macroalgae occurred during the early summer months between May and July.
Around the world, ranging from Rhode Island, USA to Australia, macroalgal
-2
biomass in and around seagrass beds has been documented from 3-4400g dw m (Table
-2
9). In only 5 out of 13 sites were biomass measurements under 150 g dw m for 
maximum biomass. Of the sites with greater than 150 g dw m' 2 macroalgal biomass 6 out 
of 7 still have seagrasses. This suggests that maximal macroalgal biomass is too 
ephemeral to harm seagrass or that factors other than macroalgal biomass may be 
important in seagrass survival in these areas.
In the Chesapeake Bay, measurements from this study and sampling on the 
Eastern Shore of Virginia show macroalgal biomass exceeding the above suggested 
critical amount (Table 9). However, biomass of this magnitude was not maintained over 
the entire season. Macroalgal biomass was highest in the summer months with a peak of
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Gracilaria (red genus) in July (Fig. 4). This biomass was reduced in September and was 
almost completely gone by October. These biomass patterns followed the seasonal trends 
in water temperature (Fig. 4) and remained in the shallow and middle depth areas of the 
bed. Macroalgal biomass in the deepest portion of the beds never reached over 3 g dw m' 
and did not remain from one month to the next. Thus, in this study no biomass 
remained over the winter months as it did in the Lagoon of Venice (Runca et al., 1996). 
The lack of maintenance of biomass over the winter months in my sites may be one 
factor that keeps macroalgae from dominating in the seagrass beds.
An important factor influencing the variability observed in macroalgal biomass 
from month to month is water motion. Macroalgal biomass has been found to be 
significantly related to wave and current energy (Bell and Hall, 1997). In the beds 
surveyed in this study, the basic morphology includes a gradation of R. maritima in the 
shallows to Z. marina in the deeper portions. The shallow, near-shore zones of the 
seagrass bed are more protected from wave and current movement by the taller Zostera 
plants in the deeper areas (Ward et al., 1984). In this study, macroalgal biomass was 
greatest in these shallow depth zones suggesting that the low energy environments there 
may be a key to the build up of the high biomass. The high month to month variability 
between sites and depths suggests that this material can be moved out of the area quickly 
by physical factors. Macroalgal material collecting in the more protected shallows of the 
seagrass beds in this study may be washed away if the water level rises above the 
surrounding marshes or the winds are strong. Outside of the beds macroalgae would need 
to attach to hard substrate to avoid being moved away with tides and currents. Hard 
substrates are uncommon in this region of the Chesapeake Bay. In areas where the entire
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embayment or lagoon is shallow with low wave and current movement, macroalgae can 
collect and remain with less chance of being scoured away (Valiela et al., 1992; 
Tagliapietra et al., 1998).
Increases in macroalgal biomass can have effects on established seagrass beds in 
as little as one year or one growing season. In 1990 Langstone Harbour, UK, seagrasses, 
mainly Z noltii and Z marina covered about 280 ha which were dispersed over several 
different beds. A 10 ha large seagrass bed was selected for yearly monitoring beginning 
in 1986 (den Hartog, 1994). The observed percent cover of the seagrasses was about 50- 
70% and even up to 100% in some locations. Macroalgal cover was described as "scarce" 
and included only some Ulva and Enteromorpha with occasional occurrences of Fucus. 
When the site was observed in the fall of 1991 almost the entire seagrass bed had 
disappeared. A few plants were found still alive under a dense blanket of Enteromorpha 
and Ulva. The following year the seagrass bed had not recovered and a blanket of 
Enteromorpha was present as in the previous year. The authors concluded that the bed 
had been smothered under the macroalgal blanket and no new recruitment was possible 
the following year due to the presence of the same type of macroalgal biomass. In my 
study, macroalgal material accumulated in the shallow portions of the seagrass bed and 
often formed a continuous mat several layers thick. Seagrass was living under these mats 
and no visible damage was observed to existing plants, however it is possible that growth 
may have been reduced by shading from the macroalgal mats.
In addition to affecting existing seagrasses, the establishment of new beds through 
seedlings and transplants may be influenced by the presence of macroalgal biomass. 
Across the Chesapeake Bay on the ocean side of Virginia's Eastern Shore a dramatic
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increase in macroalgal biomass was noted in the summer of 1998 at man-made oyster 
reefs and eelgrass (Z marina) transplant sites (K. A. Moore, pers. comm. 1998). In 
Magothy Bay (Eastern Shore, VA) large amounts of Graciliaria and Agardhiella spp. 
were found growing attached to oyster shell and transplant marker stakes. Individual 
attached macroalgal plants of greater than 2.0 m in length were documented. These 
attached plants provided physical structure that entangled drift macroalgal pieces
resulting in total biomass measurements of 30-350 g dw m“2. It has been suggested that 
shading and anoxia from this accumulation resulted in loss of the season's eelgrass 
transplant seedlings from sites that were previously viable for transplanting (K. A.
Moore, pers. comm. 1998). Macroalgal biomass build-up may also compound the yearly 
losses of seedlings and leaf material observed in the shallow portions of seagrass beds in 
my Chesapeake Bay studies. This yearly loss occurs during the high water temperatures 
typical of late July (Orth and Moore, 1986; Moore, 1996) in inshore, shallow areas where 
I found algae to be most abundant. Seagrass losses due to high water temperatures could 
be increased by the build-up of macroalgal material observed here due to shading or 
other factors associated with the overlying macroalgae.
Nutrient Uptake
Investigation of autotrophic competition for water column nutrients in seagrass 
beds requires knowledge of uptake kinetics. In coastal systems growth of macroalgae and 
vascular plants is often limited by availability of nitrogen (Valiela, 1995). Nitrogen in the 
form of N2 makes up 80% of the Earth's atmosphere, but is unavailable to most plants in
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this form. Aquatic macrophytes must absorb nitrogen in its fixed form as nitrate (NO3 "),
ammonium (NH4 +) or organic nitrogen. Ammonium is the preferred N source as nitrate
must be first reduced to NH4 + to be usable for incorporation into amino acids and 
macromolecules. Both macroalgae and seagrasses have the ability to take up nitrate 
(NO3 ”) and ammonium (NH4 +) simultaneously (Hanisak, 1983). In many cases nitrate 
and other forms of nitrogen uptake can be inhibited by the presence of ammonium 
(Hemminga et al., 1994; Pedersen and Borum, 1997). Marine vascular plants are 
different from macroalgae in that they also take up nitrogen through their roots (Thursby 
and Harlin, 1982; Short and McRoy, 1984).To understand the mechanisms responsible 
for nitrogen competition between macroalgae and seagrasses it is necessary to examine 
the pathways and rates of uptake and assimilation.
The most widely used method of determining nitrogen uptake kinetics for 
macroalgae and seagrasses involves the addition of an N source to the medium and 
measurement of its disappearance over time normalized to plant biomass (Harrison et al., 
1989; Fujita et al., 1988) and/or its accumulation in plant tissues (Short and McRoy,
1984; Borum et al., 1989). In many cases these estimates have been rigorously fitted to 
the classic Michaelis-Menten uptake kinetic equation applied to phytoplankton where 
uptake rate increases with substrate concentration up to a certain point and levels off. 
Frequently these estimates for macroalgae and seagrasses contain a large amount of 
variability even when experimental conditions have been held constant (Hanisak, 1983). 
The application of simple saturation kinetics to these systems may not hold since 
environmental conditions (light, water temperature, salinity, etc.), nitrogen
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preconditioning, section of the plant used, and length of incubation can all significantly 
affect the resulting uptake rates.
The general mechanism of macrophyte nitrogen uptake involves movement of N 
across the leaf (or root) membrane through active enzyme transport, reduction of N 
sources to ammonium, assimilation into soluble N compounds, and incorporation of 
soluble N compounds into macromolecules (Fujita et al., 1988, McGlathery et al., 1996;
Pedersen, 1994). Initially N in the form of NH4 + and NO3 ” diffuses passively and 
unhindered through the wet cell wall into the free space outside the endodermis (Devlin, 
1975). Both are then actively transported across a concentration gradient by carrier ions 
to the internal cell pools. Nitrate is then reduced to ammonium by the activity of nitrate
reductase. The NH4 + pool is then assimilated into simple organic compounds such as 
amino acids and incorporated into proteins, chlorophyll and other macromolecules. The 
rates of movement between the pools is dependent on N concentrations and available 
enzyme pathways. The rate limiting step can vary over time, environmental conditions
and likely the growth status of the plant. Membrane transport of NH4 + is inhibited when
it accumulates in the tissue. Maximum uptake occurs when assimilation of NH4 + into 
soluble N compounds is taking place. Many macrophyte species have been shown to take 
up NH4 + at rates that greatly exceed growth rates and use this stored N for rapid growth 
over days to months (Pedersen, 1994; Fujita, 1985).
Much ecological significance has been placed on the saturating substrate 
concentration (Ks) in determining the competitive status of a given macrophyte (Hanisak, 
1983). Others have suggested that initial (Vi) and maximum (Vmax) uptake rates may be
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more important especially when N is available in short pulses as is common to many 
coastal systems (D'Elia and DeBoer, 1978, Hanisak, 1983; Moore, 1996). To generate 
good Ks values and rates that adhere strictly to saturation uptake kinetics multiple plants 
must be exposed to many different N concentrations in independent experiments and 
rates of disappearance measured over short incubations. Short incubations insure that 
substrate concentrations do not change significantly over the course of the experiment. 
This method is not free of feedback inhibition and will show experimental variation due 
to the use of individual plants. Following one large addition of nutrient over time allows 
the best estimate of Vi (initial uptake rate) and the appropriate assimilation of N over 
time in an individual plant (Harrison et al., 1989). This second method was chosen in this 
study so that the uptake kinetics of three species in a short term NH4 + pulse environment 
could be compared. Since levels of ammonium in the water column of this system are 
generally less than 10 pM, plants were exposed to 30 pM to exceed the range of 
concentrations typically found at the study site as well to exceed the suggested saturation 
levels for these species (Pedersen, 1994; Short and McRoy, 1984).
Ammonium Uptake Response
In this study, ammonium uptake by U. lactuca and the leaves of Z. marina and R. 
maritima was dependent on water column ammonium concentration and followed a 
linear relationship with no evidence of saturation. Previous work has been done on V  
lactuca and Z marina (each separately) and has found varying responses of uptake to 
substrate concentration (Rivers and Peckol, 1995; Pedersen, 1994; McGlathery et al.,
60
1996; Short and McRoy, 1984; Thursby and Harlin, 1982). In most cases the relationship 
between uptake rate and water column ammonium concentration has been a hyperbolic 
(saturation) one. However, the initial linear response is used to determine Km values and 
is the key to assessing each macrophytes response to increases in water column 
ammonium concentration. The level of saturation will depend on the plant’s nutritional 
past history as well the design of the uptake experiment as discussed above.
Work done by Pedersen (1994), indicated U. lactuca's response to increasing 
ammonium to be 4.1 (pmol N gdw"1 hour' 1 pM '1) which was higher than the range of 
values from this study (0.99-1.81 pmol N gdw"1 hour’1 pM'1). This suggests that 
Pedersen’s plants may have been more depleted in nitrogen previous to the experiment 
than the Ulva used in this current study. Based on half-saturation constants ranging from 
10-27 pM (Pedersen, 1994), U lactuca should saturate at ammonium levels from 20-54 
pM. In this current experiment ammonium levels were < 30 pM suggesting that 
saturation concentrations are higher than that for these macroalgae.
Previous work on Z marina has demonstrated relationships both linear and 
hyperbolic (saturation) between ammonium uptake rate and water column concentration. 
Short and McRoy (1984) found linear responses in leaves for up to 14 hours of 
incubation which was close to the incubation time for this current study (12 hours). They 
also found that Z marina's response to increasing water column ammonium was 0.45 
(pmol N gdw' 1 hour*1 pM'1) compared to this current study where Z marina's response to 
increasing water column ammonium ranged from 0.18-3.90 (pmol N gdw*1 hour' 1 pM'1). 
Based on hyperbolic relationships the half-saturation constant is 9.2 pM for Z marina 
(Thursby and Harlin, 1982). This suggests that the plants used in this current study do not
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have similar half-saturation kinetics since they were not saturating at concentrations 
around 30 fiM. The response of R  maritima to water column ammonium ranged from - 
0.23-8.03 (pmol N gdw' 1 hour' 1 pM*1) which is similar to the findings for Z marina.
In this study, seasonal differences between macrophytes demonstrated that R  
maritima responded more quickly than Z marina and U. lactuca to increases in water 
column ammonium in August. R. maritima also had a greater response to ammonium in 
August than in April and November. Other work has suggested that response to nitrogen 
is directly related to tissue nitrogen concentration (O’Brien and Wheeler, 1987; Pedersen 
and Borum, 1997; Pedersen and Borum, 1996). In August, R  maritima had its highest C : 
N ratio suggesting that during August it was at a more N-depleted state compared to 
April and November (Table 10). However, R. maritima’s C : N ratio in August was lower 
than those of Z marina and U. lactuca suggesting that other factors must be affecting 
macrophyte response to water column nitrogen among species. It has been shown that 
root uptake of nitrogen does not affect leaf uptake, and that when leaf uptake increases 
root uptake is suppressed (Thursby and Harlin, 1982; Short and McRoy, 1984). It is 
possible therefore that the discrepancy between the observed C : N values with the above 
response trends among species may be due to root uptake of nitrogen by Ruppia affecting 
the overall C : N ratio. Differences in surface area to biomass ratios of the three species 
may also help to explain differences in ammonium uptake response. Unpublished data by 
J. Parker (here at VIMS), suggests that the surface area to biomass ratio for R. maritima 
may be 4 times higher than for Z marina and 1.5 times higher than U. lactuca. Thus for 
the same amount of biomass R  maritima would be exposing many more sites for leaf 
ammonium uptake.
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Uptake Rates for 30 pM  Ammonium
The uptake rates determined after water column ammonium concentrations were 
spiked to 30 pM, were well within the range of rates determined by others (Short and 
McRoy, 1984; Pedersen, 1994; Rivers and Peckol, 1995). U lactuca had higher rates of 
ammonium uptake in November than both Z marina and R. maritima. This suggests that 
Ulva is able to tolerate the colder temperatures in November and continue to take up 
ammonium, while Zostera and Ruppia are not able to respond as quickly to an increase in 
ammonium concentration. In November, Ruppia even exhibits a negative uptake rate 
(release) suggesting that these plants were inactive at this time. This higher rate of uptake 
of Ulva in the fall may enable Ulva to take advantage of increases in water column 
nitrogen which typically occur during the fall and winter in this region (Moore et al., 
1996). Although other confounding factors, such as the physical energy of the sites may 
be keeping macroalgal blooms low in the sites studied here, in other local areas, such as 
Virginia’s coastal lagoons, where macroalgal biomass accumulation is higher, this 
seasonal difference in nitrogen uptake rate among the species may be important.
Spectral Pigment Analysis
Light is a key factor in the productivity of aquatic macrophytes (Sand-Jensen and 
Borum, 1991). The rate of photosynthesis is ultimately controlled by the rate at which a 
leaf or thallus absorbs quanta (unit of light energy) from the underwater light field (Kirk, 
1994). The critical optical property of aquatic macrophyte tissue is the 
absorbance:fraction of incident light absorbed. The rate of absorbance is influenced by
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the magnitude of irradiance, area of tissue exposed, absorbance for available wavelengths 
and the angles involved in all the above. Competition for available usable light comes not 
only from absorptive tissues, but from the physical structure of the plants themselves.
Light energy reaching the water’s surface consists of one-half visible light (390- 
760 nm) and ultraviolet (290-390 nm) and the other half is infrared (760-3000 nm) 
(Luning, 1990). At the water’s surface some light is reflected back to the atmosphere and 
the remaining light is then scattered and absorbed by living and non-living particles in the 
water column. Attenuation is the measure of these losses in the vertical plane and is used 
to describe the optical properties of the aquatic environment. Coastal waters contain a 
large concentration of particles and phytoplankton which strongly attenuate light in the 
blue and ultraviolet range (300-475 nm). Green light (500-600 nm) predominates with 
increasing depth in coastal regions (Kirk, 1994).
Light used by aquatic plants is called photosynthetically active radiation (PAR) 
and is made up of the wavelengths between 400-700 nm. The amount of light available at 
any given depth in the coastal zone varies with season and latitude as well as with cloud 
cover. The light available for aquatic macrophytes is a function of the incident radiation, 
attenuation properties of the water and the plant’s vertical location in the water column.
An action spectrum is used to determine what wavelengths of PAR are used by an 
aquatic macrophyte. The action spectrum is generally described as the gross rate of 
photosynthesis over a range of specific wavelengths. When this rate is plotted, the peaks 
indicate the activation and use of the plant’s photosynthetic pigments. Extraction of 
photosynthetic pigments and measurement of their spectral absorption in many cases can 
provide a good estimate of a plant’s action spectra (Kirk, 1994). Spectral absorption
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properties are controlled by the kinds, amounts and packaging of photosynthetic 
pigments (Neori et al., 1988). Macroalgae and seagrasses contain chlorophyll a which has 
an absorption peak at 440 and 675 nm. Green algae (like Ulva) also contain chlorophyll b 
with peak absorptions at 470 and 650 nm.
Pigment absorption spectra of U. lactuca, Z marina and R. maritima (Fig. 7) 
showed patterns similar to those of many other plants (Valiela, 1995; Kirk, 1994). 
Absorption peaks occurred at the wavelengths for chlorophyll pigments (440 and 675 
nm). Absorbance per area of leaf tissue were much lower for U. lactuca than for Z 
marina and R. martima suggesting that this macroalga packages less pigments per tissue 
area than the seagrasses. This was expected since the seagrasses have much more 
structure contained in their leaf tissues than Ulva, which is only a thin sheet a few cell 
layers thick.
Seasonal differences in chlorophyll pigment absorption (440 and 675 nm) may be 
related to changes in available light (Fig. 8 ). Z marina showed increases in absorption at 
440 and 675 nm during the winter months when light levels are lower due to the 
latitudinal location of this region (Moore et al., 1996). Zostera may be increasing its 
pigment concentration, to increase its light capturing capacity. The increase in absorption 
seen in July for this species suggests a similar response to decreasing light due to 
increased epiphyte loading in these seagrass beds (Moore et al., 1996). The seasonal 
trend for R. martima follows that discussed for Z marina, but shows a decrease in 
absorption in February. Live, healthy specimens were difficult to find during December 
and February and suggests that Ruppia may be inactive during these months. U. lactuca 
showed little change in pigment absorption during different seasons (Fig. 8 ).
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In addition to light absorption by photosynthetic pigments, the physical structure 
of the plant itself can affect light reaching those organisms underneath it. While 
examining full tissue absorption spectra, it was found that one layer of Z marina leaves 
in August reduced available light by 73%. This absorption was fairly even across all the 
wavelengths and contrasted with the 50% reduction from one layer of U. lactuca that had 
peak absorptions at 440 and 675 nm (Fig. 10). This suggests that structural components 
of the seagrasses not directly related to pigment levels are important components of light 
absorption in these species.
The shading affects of the macroalgae on the seagrasses becomes more important 
as layers of macroalgal biomass build up. As layers of U. lactuca increase the percent 
reduction of light follows a logarithmic relationship similar to light extinctions with 
increasing water column depth (Fig. 9) (Kirk, 1994). By solving for 100% light reduction 
it was determined that 7 layers of U. lactuca would cause complete loss of light to 
organisms underneath. Using leaf area to biomass measurements determined by this 
study, it was determined that 7 layers converts to approximately 95 g dw m'2 of U. 
lactuca. This suggests that many of the Table 10 locations support biomasses of 
macroalgae capable of completely shading seagrasses and the entire benthic community. 
In my study biomass levels in the shallows only reached about 15 g dw m'2 of U. lactuca 
giving a 50% reduction of light to the community underneath. Seagrasses require 20% of 
incident light to maintain growth and will die if light is reduced below these levels for as 
little as 30 days during the late spring (Moore et. al, 1996). An 80% reduction of light 
would occur from 45 g dw m' 2 of U. lactuca which is well above biomass levels observed 
for this species in the spring in these areas. This suggests that factors that increase and
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maintain macroalgae over seagrass beds such as physical factors and nutrient availability, 
will directly affect access of the seagrasses to available light.
Summary
The seasonal patterns of macroalgal biomass in these seagrass beds most closely 
followed trends in water temperature with peak macroalgal biomass in summer when 
water temperatures reached 25 ° C. A switch in species dominance was observed when 
water temperatures increased in July from green to red species and similar trends have 
been observed in other temperate areas (Rivers and Peckol, 1995). It is likely that 
seasonal presence of the different macroalgal species in these areas is influenced most 
clearly by water temperature.
Macroalgal biomass within these seagrass beds was not observed in amounts as 
great as those found in temperate macroalgal-infested areas. Macroalgal biomass was 
greater in the shallow and middle depth areas versus the deeper stations. This pattern was 
the same over the course of all the seasons and at each of the sites surveyed. Since 
macroalgal material in these beds is mostly made up of unattached pieces and clumps, 
water movement would tend to keep this material in the shallows due to attenuation of 
water energy by the taller Zostera plants in the deeper zones. The month to month 
variation observed in macroalgal biomass suggests that this material can be moved into 
or out of the area by small scale (monthly) changes in water movement. Also, large 
amounts of macroalgal material did not build up and remain in these seagrass beds. This 
suggests that while temperature may be important in seasonal abundance and species 
distribution, the amount and location of macroalgal biomass accumulation is influenced 
the morphology of the seagrasses and water movement. While the temperature may be
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suitable, large macroalgal accumulations are not possible since physical energy of waves 
and currents can move the material out of these seagrass beds.
In this study, the main mechanism by which macroalgae could affect seagrass 
growth was by shading seagrasses from light. The green macroalga, V  lactuca, could 
block 100% of available light when its biomass reaches 95 g dw m'2. In my initial 
survey, I found U lactuca in as great as 172 g dw m‘ in the shallow areas of the seagrass 
beds and this biomass would have been blocking all available light to the benthic 
community. Since the seagrasses would not be receiving any light their growth rates 
would drop and if these conditions persisted for 30 days they could die (Moore et al., 
1996). In the areas surveyed in this study biomass levels of U. lactuca were generally less 
than 40 g dw m' 2 and varied greatly from month to month. This suggests that in these 
areas macroalgal biomass is not often blocking 1 0 0% of available light.
The key in other temperate areas to reaching high macroalgal biomass, capable of 
shading seagrasses to levels where they may die, is maintenance of an overwintering 
biomass (Runca et al., 1996). In my study, macroalgal biomass levels were not 
maintained over winter months, however this material did not disappear. U lactuca was 
found to have a greater uptake rate than Z. marina and R. maritima for 30 pM 
ammonium in November and this suggests that it may be able to continue to increase its 
biomass when the seagrasses have slower growth rates. Increases in water column 
nitrogen during the fall could lead to an overwintering biomass of macroalgae that has 
the potential to shade seagrasses during important spring growth in these areas. However, 
nutrient levels in this area are generally low compared to eutrophied, macroalgal-infested
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areas and there is probably very little direct competition between macroalgae and 
seagrasses for ammonium.
Conclusions
As hypothesized, macroalgal biomass was greater in the shallow and middle 
depth stations of the seagrass beds and followed seasonal temperatures with increased 
biomass during the summer with a peak of about 85 g dw m'2 at the shallow stations. A 
switch in species dominance occurred in July with red genera replacing green as water 
temperatures reached 25 °C. Variability between sites, stations and months suggests that 
physical factors such as wind and water movement may be influencing the duration and 
location of macroalgal biomass within these seagrass beds.
Contrary to my hypothesis, nutrient uptake parameters demonstrated that U. 
lactuca did not have a greater response to water column ammonium compared to Z 
marina and R. maritima. The greatest seasonal difference was found in August when R. 
maritima was found to have the greatest response and typically the highest biomass. 
Affinities for ammonium did not correspond with seasonal plant C : N ratios suggesting 
that other factors such as surface area to biomass ratio are affecting macrophyte response 
to water column ammonium. Uptake rates at 30 pM ammonium determined that U. 
lactuca had higher rates in November than both Z marina and R. maritima and that R. 
maritima was not taking up ammonium during this month. Although ammonium levels in 
these areas are generally much lower than 30 pM, these macrophytes did not reach 
saturation of their uptake mechanisms. This suggests that they are all well adapted to 
respond to increases in water column ammonium. U. lactuca exhibited higher uptake of
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ammonium in the fall which may be of some advantage over Z marina and R. maritima 
during this period of increasing nutrient availability.
The spectral absorbance data supported the hypothesis of similar absorbance 
spectra between the three species and suggested that photosynthetic pigment absorption 
may be responding to seasonal differences in light availability, but that overall over Z 
marina and R. maritima had higher pigment absorptions than U. lactuca. It was 
determined that Z marina tissue reduced light evenly across all wavelengths which 
contrasted with the chlorophyll absorption peaks determined for U. lactuca tissue. A 
logarithmic relationship was determined for % reduction of PAR with increasing layer of 
V  lactuca. This converted to 7 layers of U. lactuca blocking 100% of available light to 
organisms underneath. Seven layers of U. lactuca equates to about 95 g dw m*2 of 
biomass which is close to my seasonal peak data showing about 80 g dw m‘2.
In conclusion, this study suggests that physical factors such as waves, currents and the 
seagrass bed structure as well as relatively low nutrients compared to many macroalgal 
infested areas may hinder build up of high macroalgal biomass in these seagrass beds. 
Macroalgal biomass directly affects seagrasses by shading them from available light and 
the extent of this interaction is determined by local basin morphology, current and tide 
movement, seasonal temperatures and available nutrients. The relationship between 
macroalgal biomass accumulation and physical factors were not specifically investigated 
in this project, but is an area of research that deserves further study.
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Table 10. Mean (SE) tissue carbon (C ): nitrogen (N) content for macrophytes 
(data from Moore, 1997).
 Month_____________ Viva_____________Zostera____________Ruppia
April 20.32(2.54) 18.28(2.66) 12.75 (2.65)
August 19.47(4.75) 25.17(5.83) 16.73(2.62)
November 8.23 (0.43) 19.73(12.42) 14.13(14.26)
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Table 11. Ammonium Uptake Rates.
Macrophyte ^mol NH4 gdw'1 h~‘_________pM____________Study
Zostera (leaves) 6.0-31.8 30 This study
19.4-20.5 2 0 Thursby and 
Harlin, 1982
3.18 10.6 Short and 
McRoy, 1984
Ruppia (leaves) -4.2 - 63 30 This study
Ulva 24.0 - 49.2 30 This study
51.2 15 Rivers and
219.6 75 Peckol, 1995
153.0 75 Pedersen, 1994
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